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The delafossite metals PdCoO2, PtCoO2 and PdCrO2 are among the highest conductivity mate-
rials known, with low temperature mean free paths of tens of microns in the best as-grown single
crystals. A key question is whether these very low resistive scattering rates result from strongly
suppressed backscattering due to special features of the electronic structure, or are a consequence
of highly unusual levels of crystalline perfection. We report the results of experiments in which high
energy electron irradiation was used to introduce point disorder to the Pd and Pt layers in which
the conduction occurs. We obtain the cross-section for formation of Frenkel pairs in absolute units,
and cross-check our analysis with first principles calculations of the relevant atomic displacement
energies. We observe an increase of resistivity that is linear in defect density with a slope consistent
with scattering in the unitary limit. Our results enable us to deduce that the as-grown crystals con-
tain extremely low levels of in-plane defects of approximately 0.001%. This confirms that crystalline
perfection is the most important factor in realizing the long mean free paths, and highlights how
unusual these delafossite metals are in comparison with the vast majority of other multi-component
oxides and alloys. We discuss the implications of our findings for future materials research.
I. INTRODUCTION
Throughout the early evolution of the physics of met-
als, it was assumed that extremely high metallic state
electrical conductivity would be restricted to elemental
metals, which could be purified and then annealed to re-
move dislocations and other structural defects, resulting
in long electron mean free paths. After decades of ma-
terials research and refinement, techniques such as het-
erodoping of semiconductor devices led to the creation of
extremely long mean free paths in two-dimensional elec-
tron gases (2DEGs), most notably those fabricated at
the GaAs/GaAlAs interface. Although painstaking re-
finement of semiconductor 2DEGs has continued, result-
ing in exquisite levels of purity [1], the past decade has
seen rapid parallel developments in other materials. The
insights obtained from the investigations of graphene [2]
and of topological insulators [3, 4] led to rapid advances
in the study of Dirac and Weyl semimetals [5], in which
resistivities in the nΩcm range have been observed [6–
8]. These spectacular observations, however, result from
materials physics different from that of normal semicon-
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ductors. Rather than being materials of particularly high
perfection, the main reason for the low resistivity of Weyl
and Dirac semi-metals is protection from backscattering
due to the exotic features of both their bulk band struc-
ture and the surface states that they host [9]. Strong
evidence in favour of this interpretation comes from the
ratio of the resistive mean free path to that determined
by analysis of de Haas van Alphen (dHvA) oscillations.
The resistive mean free path, which is mainly sensitive to
backscattering, is a factor of ∼ 104 larger than the dHvA-
derived one, which is limited by small-angle scattering
events that make only a small contribution to resistivity
[6–8].
A further class of materials recently discovered to
have extremely long mean free paths at low tempera-
ture are the delafossite oxide metals PdCoO2, PtCoO2
and PdCrO2 [10, 11]. Each can have resistive mean free
paths of microns at low temperatures [12–14]. Indeed,
in the most conductive single crystals of PdCoO2, with
resistivities as low as 8 nΩcm, mean free paths as long
as 20µm have been reported [15]. These extremely long
mean free paths have led to the observation of a num-
ber of novel transport properties [16–21] and there is ev-
ery prospect of further discoveries. The observation that
metallic oxides could have mean free paths as long as
this is surprising, especially since they appear in crystals
grown using fairly standard methods and not subject to
any post-growth annealing. Put at its simplest, the key
question is whether the huge resistive mean free paths
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2are primarily the result of scattering suppression, as in
Dirac and Weyl materials, or of unprecedented levels of
crystalline perfection. A first clue to the answer to this
question came from a study of scattering suppression due
to momentum-orbital locking around the Fermi surface
of PtCoO2 [22]. Scattering is predicted to be suppressed
by a factor of order 2-4 from that in a material with a
trivial Fermi surface of the same size. Although this as-
pect of the physics of the delafossite metals is important,
the predicted scattering suppression is nowhere near suffi-
cient to account for the observed low temperature mean
free paths. Consistent with this finding, the ratio be-
tween the resistive and dHvA mean free paths is a much
more modest factor of 10-20 [14, 15] than the 104 re-
ported in the Dirac and Weyl materials. In combination,
the transport data and the analysis presented in Ref. [22]
suggest that the delafossite metals might naturally exist
with a level of purity that is more or less never observed
in as-grown crystals. If that were the case, it would be
extremely surprising, and open new avenues of research
in quantum materials.
In this paper, we report on a combined experimental
and theoretical investigation of the disorder dependence
of resistivity in PtCoO2, PdCoO2 and PdCrO2. High
resolution scanning transmission electron microscopy
(STEM) confirms the long-range structural purity of sin-
gle crystals, which contain very few layer defects or dis-
locations. No point defects such as intersite substitu-
tions or vacancies could be resolved by STEM, but the
detection sensitivity for such defects is not sufficient to
fully address the issue of ultra-high purity. To inves-
tigate that in depth, we turn to deliberate irradiation.
Using 2.5 MeV electrons, we create controlled densities
of Frenkel pairs, i.e. displaced atoms leading to a va-
cancy and an interstitial atom. The kinetics of our ex-
periment are such that no damage cascades are created,
and genuine point disorder is achieved. By calculating
the absolute cross-section for Frenkel pair creation, we
prove that the defect scattering is not hugely suppressed
in these metals, and show that the point defect density in
the as-grown crystals is approximately 0.001%. In other
words, the extremely long mean free paths of the delafos-
site metals are indeed primarily due to a highly unusual
level of crystalline perfection. In order to investigate this
remarkable fact, and cross-check the analysis that was
used to deduce it, we perform first-principles calculations
of the atomic displacement energies in delafossites.
The paper is organized as follows. In section II we
describe the delafossite crystal structure and sample
growth, and show transmission electron micrographs of
as-grown crystals. We then describe the irradiation ex-
periments and the calculation of the Frenkel pair pro-
duction cross-section in section III, before discussing the
dependence of resistivity on defect density in section IV.
First-principles calculations are presented in section V,
before we close the paper with examples of the changes
to transport properties produced by the irradiation in
section VI, a discussion and conclusions in sections VII
and VIII, respectively.
II. SAMPLE GROWTH AND IMAGING
The delafossite crystal structure is shown in Fig. 1a.
It is highly anisotropic, with the Pt or Pd layers sepa-
rated by layers of cobalt oxide. Each layer is triangularly
co-ordinated, and the interlayer repeat gives the space
group R3m (D53d). Highly two-dimensional conduction
(ρc/ρab ∼ 103) takes place in the Pd/Pt layers, while the
CoO2 layers can in the first approximation be thought of
as insulating. It is clear from these considerations that
point disorder in the Pd/Pt layers is likely to dominate
the scattering, a point to which we return below.
Single crystals of PtCoO2, PdCoO2 and PdCrO2 were
grown in sealed quartz tubes using methods discussed in
[14, 23]. The crystals grow as platelets of ∼ 1 − 10µm
in thickness, and ∼ 300 − 700µm in lateral dimensions.
The crystal edges typically close a 120◦ angle with each
other, as shown in Fig. 1b, and are perpendicular to the
crystalline axes. Step edges between terraces of uniform
thickness are clearly visible, enabling us to perform in-
plane transport measurements on a single terrace, there-
fore avoiding contributions from the much higher c-axis
resistivity.
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Figure 1. (a) Delafossite crystal structure, shown on the
example of PtCoO2. (b) Scanning electron microscopy (SEM)
image of a crystal of PtCoO2.
Such samples can be thinned down using a focused ion
beam (FIB) with standard procedures in order to image
them using Scanning Transmission Electron Microscopy.
In Fig. 2 we show a high angle annular dark field STEM
image of a PdCoO2 sample, in which atomic contrast
has been achieved. No point defects are visible in the
image, which is representative of multiple measurements
on several samples. This of course does not rule out the
existence of point defects, such as interstitials or vacan-
cies, but it does indicate that the concentration of such
defects is beyond the resolution of STEM.
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Figure 2. A STEM image of a pristine PdCoO2 sample taken
at high magnification resolving Pd and Co atomic sites using
High Angle Annular Dark Field (HAADF-STEM) imaging.
III. ELECTRON IRRADIATION
Because the defect concentration in as-grown crystals
is too low to be directly determined, investigating its in-
fluence on resistivity requires deliberate and controlled
introduction of disorder. Crucially, in order to mimic
the situation in the as-grown materials, no large voids or
columnar defects should be created, nor should foreign
atoms be implanted in the crystal. Instead, individual
point defects should be introduced. Irradiation by high-
energy electrons in the energy range of 1− 10 MeV is the
ideal technique to achieve this type of disorder: electrons
of these energies can transmit enough energy to an atom
to displace it from its lattice site, but not enough for
the displaced atom to create a significant number of ad-
ditional defects. Therefore, individual Frenkel pairs are
created. This is in contrast to ion irradiation, where the
larger mass of the incoming particle turns every collision
into a collision cascade, creating large columnar defects.
A. Experimental set-up
1. Beamline
The irradiation with electrons with a maximum ki-
netic energy of 2.5 MeV was performed at the SIRIUS
Pelletron linear accelerator operated by the Laboratoire
des Solides Irradie´s (LSI) at the Ecole Polytechnique in
Palaiseau, France. A sketch of the experimental set-up is
shown in Fig. 3. During the irradiation the sample was
immersed in a bath of liquid hydrogen at a temperature of
≈ 22 K, ensuring that the introduced defects are not mo-
bile. The accelerator beam carried a current in the range
of 5 − 8µA, and passed through a circular diaphragm
aperture of a 5 mm diameter before reaching the sample.
The current passing through the diaphragm was experi-
mentally determined using a control metallic sample, and
found to be in the range of 1.5−2.5µA, corresponding to
current densities at the sample location of 8−13µA/cm2.
The beam was swept vertically and horizontally at two
incommensurate frequencies, ensuring the homogeneous
irradiation of the sample area. The homogeneous irradia-
tion throughout the sample thickness was guaranteed by
the large penetration range of electrons, estimated to be
∼ 1.8 mm for 2.5 MeV electrons in PtCoO2 [24], and thus
two to three orders of magnitude larger than the typical
thickness of our crystals. This further ensures that the
majority of electrons can be measured using a Faraday
cage placed behind the sample stage, enabling the moni-
toring of the current fluctuations during a measurement
(Fig. 3).
The irradiation is paused at regular intervals to per-
form four point in-situ resistance measurements, and
therefore monitor the increase of resistivity as a func-
tion of electron dose. Measuring resistivity of crystals as
conductive and as small as delafossites in those demand-
ing conditions presents additional challenges, which we
addressed by developing dedicated sample preparation
methods, as described below.
sample
Faraday
cage
diaphragm
liquid H₂, 22K
in - situ resistivity
measurement
5mm
e⁻ beam
Figure 3. A sketch of the experimental set-up for electron
irradiation. The yellow area indicates the range in which the
electron beam is swept, rather than representing the beam
cross-section.
2. Sample preparation
In order to enable a reliable in-situ measurement of the
low-temperature resistivity of delafossites, we used fo-
cused ion beam sculpting to increase the effective length
of the measured sample, as shown in Fig. 4. The standard
method of sample mounting for FIB sculpting requires
using a layer of glue to attach the crystal to a substrate,
as was done in previous transport studies of delafossite
metals [18, 20]. However, glue degrades quickly in the
electron beam, motivating us to use a glue-free mount-
ing method instead. The sample, held on a ∼ 25µm
thick mica substrate by the electrostatic force, was first
4I⁺ I⁻
V⁻
V⁺
Pt contact
measured
region
100 µm
Figure 4. A scanning electron microscopy (SEM) image of
a microstructured PtCoO2 sample used for the in-situ mea-
surements of resistivity. The measured region of the device
appears darker in the SEM image because the gold has been
removed from it; the rest of the sample, the Pt contacts and
the substrate are covered with sputtered gold.
covered with a 150 nm thick layer of sputtered gold. Pt
contacts were then deposited in-situ in the FIB, provid-
ing a mechanical connection between the sample and the
gold-covered substrate. To achieve contact resistances
on the order of 1 Ω a second layer of gold was sputtered
over the sample, substrate and the Pt contacts. A crystal
mounted in this way was FIB-structured using the stan-
dard techniques described in detail in Ref. 25, including
the removal of gold from the measured part of the device.
This active region is shaped like a meander, whose width
of 60µm was chosen to ensure that the edge scattering
does not significantly contribute to the measured resis-
tivity [18]. The length of the meander is approximately
3 mm in the example structure shown in Fig. 4. The
two current contacts (labelled I− and I+ in Fig. 4) and
two of the voltage contacts (V − and V +) were used for
the in-situ measurement. Additional meanders were cut
in all the voltage contacts so that the strain caused by
the differential thermal contraction between the sample
and the substrate can relax. Consequently, the samples
were mechanically stable enough to allow for multiple it-
erations of irradiation and rapid thermal cycling. The
PtCoO2 samples prepared in this way had low tempera-
ture resistances in the range of 1− 20 mΩ.
B. Resistivity increase
The increase of the resistivity of PtCoO2, PdCoO2 and
PdCrO2 as a function of electron dose is shown in Fig. 5.
In all three compounds the dependence of resistivity on
dose is linear in the investigated range. The rate of resis-
tivity increase is higher in PtCoO2 than in PdCoO2 and
PdCrO2, which show the same rate of increase. These
observations indicate that the resistivity is dominated by
the defects in the conductive Pt/Pd planes, as expected
in such two-dimensional systems: Pd defects are created
at the same rate in PdCoO2 and PdCrO2, while the rate
of defect introduction is higher in PtCoO2, because the
larger nuclear charge of the Pt atoms leads to a stronger
interaction with the incoming electrons. The higher rate
of defect introduction is the reason we have chosen to
perform further measurements on PtCoO2.
The fact that the resistivity increases as a function
of electron dose indicates both that electron irradiation
introduces defects, and that those defects contribute to
resistivity. Therefore, if the scattering of conduction elec-
trons by defects is suppressed in delafossites, that sup-
pression is not complete. However, the observations so
far do not rule out a partial suppression of scattering,
and therefore cannot be used to deduce how sensitive
the resistivity of delafossites is to disorder. This requires
quantifying the introduced defect concentration, which
we have done using electron-energy dependent measure-
ments, as described in the following section.
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Figure 5. Increase of resistivity as a function of electron dose,
for three delafossite metals: PtCoO2, PdCoO2 and PdCrO2.
C. Quantifying the introduced Frenkel pair
concentration
In order to calculate the concentration of introduced
Frenkel pairs we adopt the approach used in the studies of
electron irradiation of elemental metals and their alloys
[26], as well as in the high-temperature superconductor
YBCO [27], and graphene [28]. The method relies on
the electron-energy dependence of the cross-section for
the formation of Frenkel pairs, σFp. A quantity directly
5proportional to σFp, such as the rate of increase of resis-
tivity, is measured as a function of electron energy. This
measurement is compared to a calculation of the electron-
energy dependence of σFp, revealing the factor relating
the measured quantity and σFp, therefore allowing the
determination of the latter in absolute units.
This approach relies on the calculation of σFp, which
requires the knowledge of the cross-section for the scat-
tering of electrons off stationary nuclei, and understand-
ing of the conditions under which such a scattering event
results in an atom being displaced from its equilibrium
lattice site. If the incoming particles are non-relativistic,
the former is given by the well-known Rutherford expres-
sion for a differential scattering cross-section:
dσR
dΩ
=
(
Ze2
4piε0
~c
4EK
)2
1
sin4
(
ϑ
2
) , (1)
where EK is the electron kinetic energy, ϑ the scattering
angle, Z the atomic number of the nucleus, e the elemen-
tary charge, ε0 the vacuum permeability, ~ the reduced
Planck’s constant and c the speed of light.
However, the high energy of the electrons in the present
experiment requires the use of the relativistic extension
of the Rutherford expression. Mott calculated the rela-
tivistic differential cross-section for the scattering of elec-
trons and point-like nuclei, using Darwin’s solution to the
Dirac equation [29, 30]. His formula is exact, and it gives
the cross-section as a sum of two conditionally conver-
gent infinite series. It therefore needs to be numerically
evaluated for every individual case, motivating numerous
approximate expressions for the Mott cross-section, such
as the commonly used McKinley-Feshbach cross-section
[31]. However, the McKinley-Feshbach approximation is
only valid for atoms of the nuclear charge Z < 27. Al-
though it is often used for heavier atoms, such as copper
[26], it is not expected to be suitable for Pd or Pt. In-
stead, we follow the approach given in Refs. 32 and 33, in
which the ratio of the Mott and Rutherford cross-section
is expressed as a function of scattering angle (ϑ) and the
ratio of the electron velocity to the speed of light β [34]
as:
σM
σR
=
4∑
j=0
6∑
k=1
bjk
(
β − β)k−1 (1− cos (ϑ))j/2 , (2)
where β = 0.7181287. bjk are a set of thirty parame-
ters, obtained by fits to the numerical solutions to Mott’s
equations. They are listed in Ref. 32 for all elements with
Z ≤ 90 and in Ref. 33 for all elements with Z ≤ 118; for
more details on the mathematics and numerics behind
those calculations we refer the reader to Refs. 32 and
33 and the references within. In this work we calculate
the Mott differential cross-section using the expressions
1 and 2, combined with parameters bjk as listed in Ref.
33.
A scattering event described by the Mott cross-section
results in a Frenkel pair if, and only if, the energy trans-
ferred to the nucleus is larger than a threshold, the so-
called the displacement energy (Ed). As long as the dis-
placed atom does not introduce secondary defects, the
total cross-section for production of Frenkel pairs is given
by:
σFp = 2pi
pi∫
ϑ(ED)
dσM
dΩ
sinϑdϑ, (3)
where ϑ(ED) denotes the scattering angle corresponding
to the minimal energy transfer of Ed [35].
The calculation described above has only one free pa-
rameter, the displacement energy. In Fig. 6 we show the
cross-section for production of Pt Frenkel pairs calculated
for a range of displacement energies. For each of them
there is a different well-defined minimum electron energy
at which Frenkel pairs can be created. Consequently, the
curves at different values of Ed are not related by a sim-
ple scaling relation, and the displacement energy can be
uniquely determined by a measurement of the electron-
energy dependence of any quantity which is proportional
to the Frenkel pair production cross-section.
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Figure 6. Frenkel-pair production cross-section for Pt atoms
as a function of electron energy, for a range of displacement
energies.
The rate of resistivity increase as a function of dose is
such a quantity. We have therefore irradiated two sam-
ples of PtCoO2 using a range of electron energies between
0.8 and 2.5 MeV [36]. As shown in Fig. 7a, the resistivity
increases more slowly when the electron energy is de-
creased, as expected. The slopes measured on the two
samples are plotted as a function of electron energy in
Fig. 7b (symbols). They were fitted to the Pt Frenkel
6pair production cross-section, as calculated by the meth-
ods described above, determining the displacement en-
ergy to be equal to Ed = 10 eV. The good agreement of
the data and the calculation both justifies the assump-
tion that significant numbers of secondary defects are not
created and confirms that the resistivity is dominated by
Pt defects. What is more, it allows for a determina-
tion of the Frenkel pair production cross-section in ab-
solute units; for electrons of kinetic energy of 2.5 MeV
it is σFp (Pt, 2.5 MeV) = 657 barn. Multiplying the ir-
radiation dose by σFp, and dividing it by the charge of
an electron, directly yields the introduced Frenkel pair
concentration.
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Figure 7. (a) PtCoO2 resistivity as a function of electron
dose for a range of electron energies. (b) The rate of increase
of the resistivity of PtCoO2 as a function of electron energy,
measured on two samples (symbols), compared to the calcu-
lated cross-section for the displacement energy of 10eV.
IV. RESISTIVITY AS A FUNCTION OF
FRENKEL PAIR CONCENTRATION
In Fig. 8a we show the dependence of resistivity on
the concentration of Frenkel pairs introduced by elec-
tron irradiation for four PtCoO2 samples microstruc-
tured into long meanders, as shown in Fig. 4. The de-
pendence is linear in all the samples, with a slope of
(9.1± 0.2)× 103nΩcm/%. The residual resistivity of the
samples prior to irradiation, however, varied between 40
and 65 nΩcm, reflecting different defect concentration in
as-grown crystals. Assuming that all the defects that
contribute to resistivity are Frenkel pairs, our measure-
ments allow us to estimate their concentration prior to
irradiation by extrapolating the lines in Fig. 8a to zero
20
0
40
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80
total Frenkel pair conc. [10-3%]
0
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40
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80
0 2 4 6 8
ρ
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]
introduced Frenkel pair conc. [10-3%]
0 1 2
ρ
[n
Ω
cm
]
(b)
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A
B
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D
data fit
sample
A
B
C
D
data
as-grown
defect conc.
Figure 8. Resistivity of four PtCoO2 samples as a function
of (a) introduced defect concentration, and (b) the total de-
fect concentration, estimated from the interpolation of lines
in (a). The dashed lines indicate the effective Frenkel pair
concentration in the samples before irradiation.
7resistivity. Once plotted as a function of total Frenkel
pair concentration, found by adding the initial and the
introduced defect concentrations, the resistivities of all
the samples collapse on the same curve, as shown in Fig.
8b. The estimated initial Frenkel pair concentrations,
indicated by the dashed lines, range between 0.004 and
0.007% in the investigated samples, while the lowest low-
temperature resistivity reported in PtCoO2 (20nΩcm)
[20] corresponds to a defect concentration of 0.002%. The
assumption that all the defects contributing to resistiv-
ity are Frenkel pairs is certainly not entirely accurate,
but other point defects in the Pt layers are not expected
to have a significantly different influence on resistivity.
The estimate for the initial point defect concentration
obtained in this way should therefore be correct to within
a factor of 2-3.
A. Comparison with other 2D materials
In addition to enabling the determination of the purity
of as-grown crystals, the analysis presented in the previ-
ous section allows the sensitivity of the delafossite resis-
tivity to point defects to be compared to that of other
materials. The sheet resistivity ρ2D of 2D materials is
usually assumed to depend on the ratio of the in-plane
defect concentration nd and carrier concentration n as:
ρ2Dunit =
4~
e2
nd
n
, (4)
where e is the electron charge. This expression is re-
ferred to as the ‘unitary limit’, and physically corre-
sponds to the case of the strongest possible s - wave
scattering; for an outline of the derivation see Appendix
A. It is empirically known that the in-plane resistivity
of several layered materials follows the unitary scatter-
ing prediction to a precision of ∼ 30%. This is true of
Sr2RuO4 [37], La2−xSrxCuO4 and YBa2Cu3O7−y [38] in
which the defects are introduced by substitution (Ti for
Ru in Sr2RuO4, Zn for Cu in the cuprates), as well as
of electron-irradiated YBa2Cu3O7−y [39]. A comparison
of our measurements with the unitary scattering limit is
therefore simultaneously a comparison with other layered
materials; a strong scattering suppression in PtCoO2
would correspond to a strong deviation from the unitary
scattering prediction.
To test if this is the case, in Fig. 9 we compare the
resistivity increment in several samples of the three de-
lafossites, PtCoO2, PdCoO2 and PdCrO2, to the unitary
scattering prediction. The introduced Pd Frenkel pair
concentration in PdCoO2 and PdCrO2 is calculated as-
suming that the displacement energy for Pd is the same
as that measured for Pt, 10 eV, yielding a Pd Frenkel
pair production cross-section of σFp (Pd, 2.5 MeV) =
315 barn. The point defect concentration nd in equa-
tion 4 is taken to be equal to the introduced Frenkel pair
concentration. The striking agreement of the resistivity
increment and the unitary prediction demonstrates that
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Figure 9. Resistivity increment of four PtCoO2 samples,two
PdCoO2 samples and a PdCrO2 sample as a function of in-
troduced Frenkel pair concentration compared to the unitary
scattering prediction.
the resistivity of delafossites is as sensitive to defects as
that of other layered materials. This analysis conclu-
sively shows that the enormous low-temperature mean
free paths of the delafossite metals are caused by their
unusual purity.
It is worth emphasising that the unitary scattering pre-
diction does not depend on any free parameters, and the
only fitting parameter leading to the conclusion drawn
from Fig. 9 is the displacement energy, which has been
independently experimentally determined, as described
in Sec. III C. The analysis, however, equates the concen-
tration of strong in-plane scatterers with that of Frenkel
pairs, and assumes that the resistivity arises only from
those in-plane scatterers. This cannot be exactly true,
because each Frenkel pair consists of both an in-plane
vacancy, and an interstitial, which is likely to be out
of plane. The former are strong in-plane scatterers for
which the unitary scattering is expected to be applicable,
while the latter scatter more weakly. In practice, the re-
sistivity is increased due to both of them, suggesting that
the added resistivity per in-plane vacancy is smaller than
suggested by the unitary scattering. However, even in the
extreme and nonphysical case of out-of-plane interstitials
adding as much resistivity as the in-plane vacancies, the
resistivity would be suppressed by at most a factor of
two from the unitary value. This in no way changes the
conclusion that the extremely long mean free paths in
delafossites arise mainly from their remarkable purity.
The excellent agreement between the measurements on
the three compounds indicates that the large difference
in the resistivity increment as a function of electron dose
shown in Fig. 5 can be attributed solely to the lower
differential cross-section for the formation of Pd defects,
and that the resistivity of the three compounds is equally
sensitive to defects. This allows for an estimate of the
8Frenkel pair concentration in the as grown crystals of
PdCoO2: the residual resistivity in the purest crystals
reported to date is 8.1nΩcm [20], corresponding to an
estimated point defect concentration of 0.001%.
V. FIRST-PRINCIPLES CALCULATIONS
As discussed above, the irradiation studies indicate
that the low resistivity of PdCoO2 and PtCoO2 results
from an unusually low defect density in the as-grown ma-
terials. In order to explore this theoretically, we use den-
sity functional theory (DFT) to calculate properties of
Pd/Pt-related native defects in PdCoO2 and PtCoO2 in-
cluding vacancies, interstitials, and Frenkel pairs. For
computational details, see Appendix B.
A. Formation energy comparison
As a result of configurational entropy, there is always
a finite concentration of native point defects in a crystal
in thermodynamic equilibrium. Additional imperfections
may exist as a result of kinetic barriers that prevent the
system from reaching thermal equilibrium. We would like
to determine whether the reduced defect concentrations
observed in PdCoO2 and PtCoO2 are a result of the in-
trinsically higher formation energy of Pd/Pt-related de-
fects, or from growth-specific kinetic factors.
The defect concentration is given by the formation free
energy of the defect [40, 41]. However, this quantity is
computationally very intensive to determine accurately
in complex materials. Thus our strategy will be to com-
pare the formation energy (i.e., we neglect electronic and
vibrational entropy) of Pd-related defects in PdCoO2
with those in Pd metal, in order to determine if they
are significantly larger, and could explain the low defect
concentrations in the delafossite metals. The formation
energy of defect X in a metal is given by
Eform[X] = Etot[X]−
(
Etot[bulk] +
∑
i
niµi
)
. (5)
where Etot[X] is the energy of a supercell containing
the defect X, Etot[bulk] is the energy of a bulk cell of
corresponding size, ni is the number of atomic species
i added or removed to create the defect, and µi is the
chemical potential of species i. Etot[X] and Etot[bulk] are
calculated using DFT, while the chemical potential(s) µi
are specific to the experimental growth or annealing con-
ditions. By enforcing stability conditions, we can obtain
theoretical limits on µ, which can provide guidance as to
the possible experimental conditions; for the calculations
below, we assume Pd-rich (i.e., O-poor) conditions (see
Appendix C).
In Table I we compare the energies of Pd vacancies, in-
terstitials, and Frenkel pairs in PdCoO2 with those in ele-
mental Pd. Our formation energy for the Pd vacancy and
self interstitial in Pd metal are consistent with previous
calculations [42–44] and a slight underestimation com-
pared to the experimental range of 1.5−1.85 eV [44–46].
The general behaviour is similar between Pd metal and
PdCoO2, with vacancies expected to be the dominant de-
fect. The formation energy of interstitials in PdCoO2 is
significantly larger that in Pd; however, in both cases, it
is not expected that interstitials will be present in large
concentrations. The large formation energy of intersti-
tials is expected in close-packed metals. For PdCoO2 it
is likely due to the short Pd-O bond lengths of ∼ 2 A˚
(cf. 2.8 A˚ for the Pd-Pd bonds in PdCoO2), forcing the
interstitial atom unfavourably close to the Pd layer (for
a more detailed discussion of the interstitial structure see
Appendix D).
The Frenkel pair formation energy in both cases is ap-
proximately the sum of the vacancy and interstitial en-
ergies. Thus, there is not a significant energy gain from
having the interstitial in the vicinity of the vacancy, and
we find that in the delafossites, the interstitial needs to
be placed several lattice sites away to prevent it from
relaxing back to the vacancy site (see Sec. V B).
We find similar behavior between PtCoO2 (not shown)
and PdCoO2. We therefore find no evidence that the ex-
ceptionally low defect concentrations seen in as-grown
delafossites are a result uncharacteristically high forma-
tion energies for Pd/Pt defects in those materials.
Table I. Formation energies in eV for Pd-related native de-
fects in PdCoO2 and Pd metal. In parentheses are previous
DFT-GGA calculations
defect PdCoO2 Pd
Pd vacancy 0.88 1.26 (1.20a,1.19b)
Pd interstitial 6.28 3.82 (3.43c)
Pd Frenkel pair 7.11 5.11
a Ref. 43
b Ref. 44
c Ref. 42
B. Displacement energy
Of course, the formation energy of Frenkel pairs cal-
culated in Sec. V A does not apply to the nonequlibrium
creation of defects via irradiation; the important quan-
tity in this case is the displacement energy. To obtain a
theoretical estimate of the displacement energy, we calcu-
late the adiabatic energy barrier for a Pt/Pd atom to be
displaced from its position in the lattice towards an inter-
stitial site using the nudged elastic band (NEB) method.
The results are shown in Fig. 10, where the initial
structure is the ideal bulk structure, and the final struc-
ture is that of the relaxed Frenkel pair. We can see that
for both PdCoO2 and PtCoO2, there is essentially no
additional kinetic barrier to the formation: the energy
required to adiabatically create the Frenkel pair is ap-
9proximately equal to its formation enthalpy, i.e ∼ 8 eV
(see Appendix B) in PdCoO2 and ∼ 10 eV in PtCoO2.
It is important to note that the total energy of the bar-
rier should be considered as a lower bound for the dis-
placement energy, as it allows for all degrees of freedom
perpendicular to the reaction coordinate to relax, which
will likely not occur in the actual Mott scattering pro-
cess. The results are therefore fully consistent with the
value deduced from experiment of 10 eV.
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Figure 10. Adiabatic barrier for Frenkel pair formation in
PdCoO2 and PtCoO2, from nudged elastic band DFT calcu-
lations.
VI. INFLUENCE OF DEFECTS ON
TRANSPORT PROPERTIES
All of the experiments and analysis shown so far ad-
dress the question of the influence of defects on the low-
temperature resistivity of delafossite metals. It is often
implicitly assumed that the various contributions to re-
sistivity are additive, obeying the so-called Matthiessen’s
rule. Measuring the transport properties of a sample be-
fore and after electron irradiation offers a unique oppor-
tunity to test this assumption in a controlled manner.
Such a study is, however, by no means guaranteed to
succeed. First of all, as the sample is warmed up from
the irradiation temperature of 22 K the defects become
more mobile and may recombine, therefore removing any
added resistivity. Even if the defects remain in the sam-
ple by room temperature, they may slowly anneal, lead-
ing to time-dependent resistivity. In PtCoO2 the added
resistivity does decrease during the initial warm up to
room temperature to ∼ 65% of its original value. How-
ever, the remaining resistivity stays unchanged at room
temperature and during subsequent thermal cycles to low
temperatures (for more details see Appendix E), enabling
a controlled and reproducible study of the disorder influ-
ence on transport. Such a study is beyond the scope
of this work, but we show below two intriguing results
which point to its broad significance.
In Fig. 11 we show an SEM image of a sample we
have structured for the temperature and magnetic field
dependent measurements. Its well-defined bar geometry
enables a precise determination of its resistivity, which
prior to irradiation agrees quantitatively with the pub-
lished data [20]. The estimated defect concentration of
the sample before irradiation was 0.0046%, while after
the irradiation to a total dose of 188 mC/cm2 by elec-
trons of 2.5 MeV kinetic energy, and a subsequent warm-
up to room temperature, it was increased by nearly an
order of magnitude, to 0.038%.
100µm
Figure 11. An SEM image of a microstructured PtCoO2
sample used for the ex-situ measurements of the temperature
and magnetic field dependent resistivity.
In Fig. 12 we show the resistance of the sample
shown in Fig. 11 as a function of temperature (Fig. 12a)
and magnetic field (Fig. 12b), before and after irradi-
ation. The temperature dependence of resistivity re-
mains nearly unchanged, with the defects adding an ap-
proximately temperature-independent offset, indicating
a good agreement with Matthiessen’s rule.
Introduced defects reduce the overall scale of magne-
toresistance by a factor of 2.3. Again, this reduction can
be qualitatively understood within the semi-classical pic-
ture of magnetoresistance, assuming independent scat-
tering events. Finite magnetoresistance indicates the
presence of more than one length scale governing trans-
port, and is proportional to the square of their differ-
ence [47]. In a single band material of nearly constant
Fermi velocity [20] this suggests at least two different
scattering rates at different points of the Fermi surface,
τ1 and τ2 = ατ1; the magnetoresistance is proportional to
(τ1 − τ2)2 = (1 − α)2τ21 . If Matthiessen’s rule is obeyed
and the defect scattering exhibits the same k - depen-
dence as τ1 and τ2 (certainly a good approximation at
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Figure 12. The (a) temperature-dependent resistivity and
(b) magnetoresistance (MR = (ρ (H)− ρ (0)) /ρ (0)) of the
sample shown in Fig. 11 before and after irradiation.
low temperatures), the scattering times are changed by
defects into τ1d and τ2d = ατ1d. The magnetoresistance
is then proportional to (τ1d − τ2d)2 = (1 − α)2τ21d. The
defects reduce the scattering times (τ1d < τ1), so this
represents a reduction in magnetoresistance compared to
the case without the added defects. Therefore, regard-
less of the cause of the different scattering rates across
the Fermi surface, adding a source of scattering to all the
states decreases magnetoresistance, as observed.
Although at first sight these observations are not un-
usual, a more detailed analysis offers additional insight,
as discussed in the following section.
VII. DISCUSSION
The experimental data and analysis presented in this
paper provide very strong evidence in favour of a re-
markable experimental fact: the extremely long low-
temperature mean free paths of metallic delafossites are
mainly due to an exceptional level of crystalline perfec-
tion of the Pd or Pt planes in which the conduction takes
place. We are able to deduce point defect levels as low
as 0.001% in the best as-grown crystals.
The level of control of defect densities that we have
demonstrated, combined with the data quality obtain-
able from the microstructures that we have used, will
also open paths to new discoveries. For example, we
will be able to carry out a stringent examination of
subtle effects that challenge understanding of scatter-
ing of electrons in solids. Although the agreement with
Matthiessens rule, shown in Fig. 12a, looks excellent on
first inspection, more detailed analysis demonstrates a
systematic, temperature-dependent deviation, as seen in
the plot of the difference between the temperature de-
pendent resistivity of the irradiated and pristine sam-
ple (Fig. 13a). This suggests that the scattering from
the in-plane defects that we have introduced is not en-
tirely independent of electron-phonon scattering. The
data shown in Fig. 13b offer further information on the
interplay of the two sources of scattering. At 5 K after
irradiation, the resistivity is almost identical to that at
85 K in the as-grown crystal, so the resistive mean free
paths averaged around the Fermi surface are also very
similar. However, the magnetoresistance, which is sensi-
tive to the k-dependence of the mean free path around
the Fermi surface [48], differs in scale by over a factor
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Figure 13. (a) The difference of the temperature dependent
resistivity after and before the irradiation. (b) The magne-
toresistance (MR = (ρ (H)− ρ (0)) /ρ (0)) measured at 5 K
after irradiation compared to that measured at 85 K before
irradiation (dashed line). The zero field resistivity (legend)
was the same within 10% in the two measurements.
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of two. The Fermi velocity is k-independent to within a
few per cent [20], so mean free path variations must be
due to variations in the scattering rates, indicating that
the k-dependence of the scattering rate depends on the
scattering mechanism. These observations strongly mo-
tivate future work to study the magnetotransport as a
function of temperature and defect density, and the ex-
tent to which such data can be modelled using modern
quantum transport theories [49] and calculations of the
k-dependence of the electron-phonon interaction [50].
Another avenue for future work that the current find-
ings will stimulate is closer investigation of other mate-
rials that crystallize in the delafossite structure. Is the
crystalline perfection that we have uncovered unique to
the Pt and Pd layers of PdCoO2, PdCrO2 and PtCoO2,
or might it occur in other delafossites as well? In partic-
ular, it will be interesting to investigate the crystalline
purity of non-metals from this structural class; this might
be a route to the development of a new family of high-
mobility semiconductors. We note, however, that the in-
plane purity is sufficient to achieve a high conductivity
in delafossite metals, because the out-of-plane impurities
are very efficiently screened; this is proven by the data
shown in Fig. 5 and their analysis in Fig. 9. In contrast,
a high-mobility semiconducting delafossite would require
crystalline perfection in all its layers, as the screening of
out-of-plane defects would be less efficient [51]. While at
present the level of disorder in the Co layers of PdCoO2
and PtCoO2 is not known, we confirm it to be below
the resolution of electron microscopy (Fig. 2). Combined
with the remarkable purity of the Pd and Pt layers we
have uncovered, this motivates careful research on close
structural relatives of these fascinating compounds.
VIII. CONCLUSIONS
In this paper we have used electron beam irradiation
to introduce Frenkel pairs into the crystal structure of
the delafossite metals PdCoO2, PdCrO2 and PtCoO2,
to investigate the reason for their extremely long low-
temperature mean free paths. By studying three com-
pounds in which the cations change between Pd and Pt,
and Co and Cr, we have demonstrated empirically that
the resistivity is sensitive to defects in the Pd/Pt lay-
ers. Varying the energy of the incident electrons between
0.8 and 2.5 MeV produces data that can be fitted very
well with Mott scattering theory with only one free fit
parameter, which is independently confirmed by first-
principles electronic structure calculations. The excellent
fit to the Mott theory enabled quantitative measurement
of the Frenkel pair production cross-sections and hence
the determination of the defect density of each irradiated
crystal. The additional scattering thus introduced is in
quantitative agreement with so-called unitary scattering,
and the data allowed a reliable estimate of the density
of point defects in as-grown crystals. This is as low as
0.001%, proving that the main reason for the long mean
free paths is a level of crystalline perfection rarely seen in
multi-component oxides. These findings raise important
questions about the levels of purity potentially attainable
in non-metallic delafossites, and motivate further inves-
tigation of this intriguing class of materials.
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Appendix A: Unitary scattering limit in 3D and 2D
Within the Drude model the resistivity of a 3D mate-
rial is given by:
ρ3D =
meff
ne2
1
τtr
=
meff
ne2
ndvF 〈σimp〉 , (A1)
where meff is the effective mass of the carriers, n their
concentration, vF the Fermi velocity, nd the defect con-
centration and τtr the transport lifetime. 〈σimp〉 is the
cross-section for scattering of electrons off impurities,
weighted by the (1− cosϑ) term accounting for the larger
contribution to resistivity of backscattering compared to
small angle scattering.
If 〈σimp〉 is calculated using partial wave analysis as-
suming a central potential, it is found to be equal to [52]:
〈σimp〉 = 4pi
k2
∞∑
l=0
(l + 1) sin2 (δl − δl+1) , (A2)
where k is the wavevector of the electrons, and δl is the
phase shift associated with the l-th Legendre polynomial
comprising the electron wave function. The unitary limit
corresponds to the strongest possible s-wave scattering,
in which δ0 = pi/2 and all other δl = 0. The resistivity
in the unitary limit is then given by:
ρ3Dunit =
4pi~nd
ne2kF
, (A3)
where kF is the Fermi wavevector.
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Resistivity of a two-dimensional system is given by an
expression analogous to equation A1, but the 3D scat-
tering area 〈σimp〉 has to be replaced by a 2D scattering
length 〈λimp〉, given by [53]:
〈λimp〉 = 4
k
(
1 + 2
∞∑
m=1
sin2 δm
)
. (A4)
In the unitary limit the scattering length is reduced to
〈λimp〉 = 4/k; it is therefore comparable to the Fermi
wavelength. The resistivity is given by:
ρ2Dunit =
4~
e2
nd
n
, (A5)
where we used meffvF = ~kF .
Appendix B: Computational Details
Density functional theory (DFT) calculations were per-
formed using the PBE generalized gradient functional
[54], implemented in the vasp code [55]. It was shown
in Ref. [56] that the experimental electronic structure
[14] can be accurately reproduced with GGA+U with
the Hubbard U = 4 eV on the Pd/Pt d-states, as well as
spin-orbit coupling (SOC) included; however the addition
of a Hubbard U and SOC have relatively minor effects on
the electronic structure, and were thus neglected in this
study. The experimental lattice constants (for the con-
ventional cell) of a = 2.830 A˚, c = 17.743 A˚ (PdCoO2)
[10] and a = 2.823 A˚, c = 17.808 A˚ (PtCoO2) [14] were
used throughout.
A 520 eV cutoff for the plane-wave basis set was used.
A supercell of 5 × 5 × 1 conventional cells (300 atoms)
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Figure 14. Frenkel barrier dependence on supercell size for
PdCoO2.
was used to calculate the formation energies of defects in
the delafossites, with a 2×2×2 gamma-centered k-mesh.
For Pd metal, a 4× 4× 4 supercell and 4× 4× 4 k-mesh
was used. Diffusion barriers and Frenkel pair formation
barriers were calculated using the nudged elastic band
(NEB) method; due to the computational intensive na-
ture of these calculations, a 3× 3× 1 cell (and 3× 3× 1
k-mesh) was used. The relatively small in-plane area of
the supercell results in a overestimation of the energy of
the separated Frenkel pair, as we demonstrate in Fig. 14
for PdCoO2, but does not affect our estimate of the bar-
rier for Frenkel pair formation.
Appendix C: Limits on the chemical potentials
Under thermodynamic equilibrium the chemical poten-
tials in Eq. (5) are limited by the stability of the bulk
material. We illustrate this for the case of PdCoO2. If
we reference the chemical potentials to the correspond-
ing elemental phases (i.e., the elemental metals for Pd
and Co, and an isolated O2 molecule for O), the stability
condition of PdCoO2 can be written [41]
µPd + µCo + 2µO = ∆Hf (PdCoO2) (C1)
where ∆Hf (PdCoO2) is the enthalpy of formation of
PdCoO2. Thus, only two chemical potentials can be
varied independently; fixing those values will specify the
third.
The range of chemical potentials during growth will be
further limited by the formation of other phases with dif-
ferent stoichiomentry. In particular, we find that if con-
ditions are too Co-poor and/or O-poor, PdO will form
over PdCoO2 (equivalently, Pt3O4 over PtCoO2), and
if the conditions are too O-rich and/or Co-rich, CoO2
will form. There is also a small O-rich, Co-poor region
where PtO2 is the most stable. These limits are shown
in Fig. 15. In general, we see that CoO2 limits stability
of the delefossites to fairly Pd/Pt-rich conditions, which
will generally increase the formation energy of Pd/Pt va-
cancies, which are the dominant defects in this system.
For calculating formation energies in Sec. V A, we assume
metal-rich conditions, corresponding to µPd = µCo = 0,
giving µO = −1.67 eV for PdCoO2.
Appendix D: Interstitial Defect Structure
The most stable interstitial structure that we find in
PdCoO2 is for the interstitial atom (Pdi) to bond to two
O in the layer above, resulting in significant in-plane dis-
placements of two Pd atoms. The bond lengths between
the interstitial and the two oxygen atoms are not equal
(1.96 and 2.19 A˚), while one of the nearby Pd is sig-
nificantly more displaced from its original site than the
other. The bond lengths between the Pdi and the near-
est two Pd atoms are approximately equal (2.34 A˚). We
can understand this structure as a balance between the
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Figure 15. T = 0 stability diagram for (a) PdCoO2 and
(b) PtCoO2 with respect to O and Co chemical potentials.
Green region corresponds to chemical potentials where the
delafossites are stable.
Pdi attempting to form equilibrium length bonds with
the two O atoms above, and the two Pd atoms below.
Appendix E: Stability of defects
To check whether the defects added by irradiation are
stable after the initial warm-up to room temperature,
we measured the room-temperature resistivity of an ir-
radiated PtCoO2 sample continuously over the course of
twenty days. As shown in Fig. 16a, no change of re-
sistivity was observed during this time, indicating that
the defects which remain in the sample after the initial
warm-up to room temperature are indeed stable. Con-
sistent with this, we observed no difference in the mea-
surements of the temperature-dependent resistivity taken
several months apart.
At higher temperatures, however, the defects become
mobile. To investigate this we have warmed up an irra-
diated PtCoO2 sample to a series of annealing temper-
atures between 35 ◦C and 390 ◦C, and kept the sample
at each of them for 30 min. After each annealing step,
the temperature dependent resistivity was measured. In
Fig. 16b we show the resisitivity at 22 K as a function
of annealing temperature. Two clear steps can be seen,
indicating two characteristic energies for migration of dif-
ferent types of defects. The fact that the added resisi-
tivity is decreased by 35% after warming up to room
temperature indicates that one or more such steps also
occur between 22 K and room temperature.
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Figure 16. (a) The room temperature resistivity of an irradi-
ated PtCoO2 sample measured over the course of twenty days.
(b) The resistivity of an irradiated PtCoO2 sample measured
at 22 K as a function of the annealing temperature, at which
the sample was kept for 30 min.
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